We describe the use of a series of gradually expanded thymine nucleobase analogs in probing steric effects in DNA polymerase efficiency and fidelity. In these nonpolar compounds, the base size was increased incrementally over a 1.0-Å range by use of variably sized atoms (H, F, Cl, Br, and I) to replace the oxygen molecules of thymine. Kinetics studies with DNA Pol I (Klenow fragment, exonuclease-deficient) in vitro showed that replication efficiency opposite adenine increased through the series, reaching a peak at the chlorinated compound. Efficiency then dropped markedly as a steric tightness limit was apparently reached. Importantly, fidelity also followed this trend, with the fidelity maximum at dichlorotoluene, the largest compound that fits without apparent repulsion. The fidelity at this point approached that of wild-type thymine. Surprisingly, the maximum fidelity and efficiency was found at a base pair size significantly larger than the natural size. Parallel bypass and mutagenesis experiments were then carried out in vivo with a bacterial assay for replication. The cellular results were virtually the same as those seen in solution. The results provide direct evidence for the importance of a tight steric fit on DNA replication fidelity. In addition, the results suggest that even high-fidelity replicative enzymes have more steric room than necessary, possibly to allow for an evolutionarily advantageous mutation rate.
high fidelity for DNA replication is required to maintain proper transfer of genetic information during cell division. The first and most influential step that determines this fidelity is synthesis of a new base pair by a replicative DNA polymerase (1) (2) (3) (4) . This choice, which occurs dozens of times per second, involves the selection of one nucleotide among four for insertion into the growing primer strand, opposite each DNA template base as it is addressed in turn. In eukaryotes, the replicative enzymes are DNA polymerases ␦, ␣, and (5). In eubacteria, the replicative polymerases are Pol III, which synthesizes the leading strand, and Pol I, which assists Pol III with the lagging strand (6) . These latter polymerases make an error (synthesis of a mismatched pair) only once in Ϸ10 4 to 10 5 nucleotide insertions (6) . The biophysical origin of this fidelity is a long-standing topic of research on polymerases. Early studies often focused on matching of Watson-Crick hydrogen bonds; however, it was subsequently recognized that at the terminus of DNA, base pairing selectivity in the absence of enzymes is too low to account for the observed enzymatic fidelity (7) . More recently, it has been shown that a nonpolar isostere of thymine (difluorotoluene) can be replicated with nearly wild-type fidelity despite its lack of hydrogen bonding ability (8) (9) (10) . Such observations, in conjunction with structural (11) (12) (13) (14) (15) and mutational (16) (17) (18) (19) studies, have led to the hypothesis that geometry of DNA base pairs may be regulated by a close fit in polymerase active sites (1, 2, (20) (21) (22) . Although substitutions on nucleoside sugars have been made (23) , systematic tests of this steric concept are lacking at the level of the base pairs, where the genetic information is carried.
Here we describe such a systematic test, wherein the size of a DNA base analog is gradually increased over a 1.0-Å range. We examine the in vitro efficiency and fidelity of base pair synthesis by Escherichia coli DNA Pol I (Klenow fragment) with these analogs, and we then examined the same questions in vivo with a bacterial replication assay. We find that both the DNA Pol I active site and the entire bacterial replication machinery are exquisitely sensitive to very small changes in base pair size. In addition, we find that the optimum size is larger than that of natural DNA, suggesting a simple steric mechanism for influencing evolutionary adaptability.
Materials and Methods
Nucleotide Analogs and Modified Oligonucleotides. Modified nucleoside analogs were prepared as described in ref. 24 , and the 5Ј-triphosphate derivatives were prepared and characterized by standard procedures. Phosphoramidite derivatives of the modified nucleosides were prepared as described in ref. 24 . DNA sequences containing modified bases were prepared by following the procedures outlined in ref. 25 . Details are given in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
In Vitro Steady-State Kinetics and Bacterial Replication Assay. We used 28-mer͞23-mer template-primer duplexes having the sequence (5Ј-ACTGXTCTCCCTATAGTGAGTCGTATTA)⅐(5Ј-TAATACGACTCACTATAGGGAGA) as polymerase substrates. Kinetics were measured at 37°C in a buffer containing 10 mM Mg 2ϩ . Buffer details are given in the legend of Table 1 . The primer was 5Ј end-labeled and extended by the polymerase in the presence of a single dNTP species over varied concentration and time. Products of single-nucleotide insertions were resolved from unreacted primer by 20% denaturing gel electrophoresis and were quantitated by autoradiography. The bacterial replication assay (26) for bypass efficiency and fidelity is briefly described in the text. Details of the kinetics experiments and bacterial replication assay are given in Supporting Materials and Methods.
Results and Discussion
We sought to test the active site tightness hypothesis directly and systematically by preparing a series of nucleobase analogs having gradually increasing size. The nucleosides 3-toluene-1-␤-Ddeoxyriboside (dH), 2,4-dif luoro-5-toluene-1-␤-D-deoxyriboside (dF), 2,4-dichloro-5-toluene-1-␤-D-deoxyriboside (dL), 2,4-dibromo-5-toluene-1-␤-D-deoxyriboside (dB), and 2,4-diiodo-5-toluene-1-␤-D-deoxyriboside (dI) are all shape analogs of thymidine ( Fig. 1) (24) . Because they have varied substituents at the 2,4 positions (namely, H, F, Cl, Br, and I), they vary in size in 0.2-to 0.4-Å increments, giving a total size difference of 1.0 Å from the smallest to largest (Fig. 1b) . To evaluate the biophysical effects of the steric series in a polymerase active site, The template contained variably sized thymidine analogs. The kinetics were measured in a buffer containing 5 mM template-primer DNA, 0.005 or 0.1 unit͞ml enzyme, 50 mM Tris-HCl buffer (pH 7.5), 10 mM MgCl 2, 1 mM dithiothreitol, and 50 mg͞ml bovine serum albumin at 37°C. V max was normalized to the lowest enzyme concentration used. Relative efficiency is relative to insertion of dATP opposite T. we prepared nucleoside triphosphate derivatives of the five compounds (Fig. 1a) , thus allowing them to act as incoming nucleotide analogs of dTTP; conversely, we prepared template DNAs containing the five nucleoside analogs downstream from a primer binding site.
We chose DNA polymerase I (Klenow fragment, exonucleasedeficient) as an ideal candidate for initial study because it is enzymatically well characterized among replicative enzymes and yet is relatively small and acts as a single subunit (27) . We carried out kinetics studies of single-nucleotide insertions in the steady state by using a gel electrophoresis-based assay (28) . Kinetic data are given in Tables 1 and 2. Table 1 shows results for insertion of natural dNTPs in separate experiments opposite each of the five analogs in a template strand. Table 2 shows the opposite case: insertion of compounds dH, dF, dL, dB, and dI as dNTP analogs opposite the natural template bases A, C, T, or G. As a reference, we compared the results with parallel data for natural thymidine as dTTP (the incoming nucleotide) and dT, the natural nucleoside template (Fig. 1 ). Fig. 2 shows all of the efficiency data in a histogram comparison.
Kinetic efficiency was measured as V max ͞K M for nucleotide insertions at 37°C. A comparison of efficiencies for the steric series in the template with insertion of natural dATP (the presumably preferred partner) showed that, as size increased from the H to F to Cl analogs, a total increase of 0.66 Å, efficiency increased markedly by a factor of 180. The data are Incoming nucleotide analogs of variable size were used. Kinetic measurements and conditions were as described for Table 1 . compared graphically with respect to relative size in Fig. 3a . Surprisingly, the Cl-substituted analog, whose ''base'' is larger than thymine by 0.5 Å, is the most efficient of the entire series. The efficiency with this chlorinated thymidine analog is the same within experimental error as that with the natural template, dT, despite the nonpolar nature of dL (24) . With increasing size beyond the dichloro-substituted compound (dB and dI, respectively), the efficiency dropped markedly by a factor of 164-fold for the largest in response to a subtle size increase of only 0.35 Å over the optimum.
The converse experiments, measuring efficiency for dNTP analog insertion opposite natural adenine in the template, showed very similar results (Table 2 and Fig. 2b ). Once again, efficiency increased with size until a maximum was reached, and then it dropped with further size increases, showing a large range of 2,200-fold in activity (see plot in Fig. 3b ). The chlorinated dNTP was inserted opposite adenine with greatest efficiency, and the efficiency was only 7-fold lower than for insertion of natural dTTP, again despite the fact that the chlorinated compound is larger than dTTP by 0.5 Å. The change from Cl to Br to I in the template base (a size difference of 0.35 Å) caused a 22-fold drop in efficiency, apparently reflecting the steep potential energy function of a steric effect in the active site.
We also evaluated fidelity systematically by comparing correctly matched and mismatched pairs across this series. The efficiency of each correctly matched A-T analog pair was divided by the efficiency for enzymatic synthesis of the corresponding mismatched T-T analog pair, which is the most efficient mismatch, thus defining fidelity. The most efficient mismatches with the nonpolar thymine mimics were those opposite T, consistent with previous studies (8, 9) , whereas natural thymidine is most frequently mispaired with guanine. The fidelity data are plotted graphically with respect to size in Fig. 3 c and d .
The results for template nucleoside mimics of variable size showed that fidelity increased with increasing size from the smallest compound and reached a maximum at the dichlorotoluene compound. The magnitude of increase in fidelity was large: the fidelity with the smallest compound (dH) was only 45, whereas, with dL, it was 1,100. This apparently optimally sized compound displayed fidelity that was within experimental error of that for natural thymidine. As size increased further, the fidelity then dropped markedly (by a factor of 40 for a size increase of 0.35 Å from dL to dI). Thus, the size effects on fidelity closely mirrored those seen for efficiency, suggesting a direct relationship between the physical origins of both effects.
The converse experiments evaluating fidelity effects with increasing dNTP size were similar, although not identical (see Table 2 and Fig. 3d ). In this case, the fidelity maximum was reached at a slightly smaller size, dFTP, instead of dLTP, which are different by 0.38 Å in bond lengths. Particularly striking in this case was a large increase in fidelity on increasing size from dHTP to dFTP, reflecting a difference of 0.28 Å.
To ascertain the influence of subangstrom size increases on the template coding properties of the T analogs in vivo, we ligated oligonucleotides containing each analog into a singlestranded M13 vector, which were then passaged through E. coli and scored for bypass efficiency and mutagenesis (fidelity) as described in ref. 26 . We chose E. coli deficient in AlkB to eliminate the possibility of metabolization of the H analog, which was subsequently found to have no influence on the results when compared with AlkB-proficient cells. Bypass experiments shown in Fig. 4 were performed in a competitive manner, and efficiencies were evaluated by PCR-based quantitation of successfully replicated progeny DNA (see Fig. 6 , which is published as supporting information on the PNAS web site). SOS induction of bypass polymerases by prior irradiation of E. coli with UV light increased transanalog synthesis Ϸ2-fold for all thymine analogs. Although all five analogs hindered the progression of the normal and bypass polymerases, the bell-shaped histograms for the different cell types were similar to the above in vitro Pol I (Klenow fragment) studies, with maximum bypass for the L (dichloro) analog. Likewise, the replication fidelity experiments in E. coli shown in Fig. 5 depict bell curves for the normal and bypass polymerases with maximal in vivo fidelity for the analog L. Single-base deletions were also evident at the size extremes for the analogs H and I, which diminished when bypass polymerases were induced (Figs. 7 and 8, which are published as supporting information on the PNAS web site). It is noteworthy that the difference between the match and mismatch efficiency increased in cells expressing induced bypass polymerases [L (0.2), B (8.0), and I (17.4)], implying higher fidelity for the larger isosteres for bypass polymerases, which may contain larger or looser active sites.
The above experiments give evidence for a number of significant mechanistic aspects of DNA replication. First, as base pairs increase in bulk, they can clearly reach a size at which they are rejected as efficient substrates. This result confirms the importance of steric rejection of many DNA lesions that increase nucleobase size, such as methylated bases and exocyclic adducts. Our data show that this rejection begins to be seen at size increases that are smaller than known DNA lesions. For example, with a small, Ϸ0.4-Å size increase over the optimum (only about a quarter of a single bond length), we observed a steric rejection amounting to over two orders of magnitude on efficiency, suggesting that DNA base lesions (which are larger) could easily achieve biologically relevant rejection levels with steric effects alone. The results are also consistent with studies involving deoxyribose variants with substituents added at the 4Ј position, where overly large substitutions showed lowered polymerase activity (23) .
Second, our observation that efficiency increases markedly with pair size up to the maximum suggests that there is a positive energetic influence of size (and͞or a negative influence of insufficient size) at the transition state for phosphodiester bond formation. This result may be due to two factors: first, unfilled voids are energetically unfavorable in aqueous solution (29) and, second, too small of a size may lead to an incorrect positioning of the triphosphate moiety for phosphodiester bond formation. Natural base pairings that are smaller than the canonical Watson-Crick size, such as pyrimidine-pyrimidine mispairs, might easily be rejected by such mechanisms. Importantly, we observe that the natural base pair size is less than optimum in efficiency for Pol I (and indeed, for the replication machinery in intact E. coli), which demonstrated an efficiency maximum at a size 0.5-0.7 Å larger than a Watson-Crick pair taking into account hydrogen bonding contraction (see below). This finding is consistent with recent observations that low fidelity and low efficiency tend to correlate in the known DNA polymerases (30) . If low fidelity is caused by a large active site, then the unfilled volume associated with such an active site should lower efficiency, as observed here with the smallest substrate sizes. Note that the current experiments would not distinguish between the physical resting space in the polymerase active site and induced space, whereby larger substrates might be accommodated by low-thermodynamic-cost movements of side chains or helices in the enzyme. Thus, we define the current steric space as the ''functional space'' rather than necessarily as a defined, static void; future structural studies of polymerases at high resolution may help make this distinction.
It is worthwhile to consider whether other chemical and physical factors in this nucleotide series might explain these results. For example, hydrophobicity and stacking propensity also change with increasing size (25) . However, the changes in these two properties are relatively small across the series and increase from smallest to largest, a trend that clearly does not correlate with the observed effects. One may also consider possible electrostatic effects, because the electronegativity of the substituents also varies. The results show a relatively poor correlation; for example, H is electropositive relative to C, and I is neutral, yet the analogs containing them have similar activities. In addition, the dif luoro analog has a considerably higher net dipole than the dichloro case, but the dichlorinated species is considerably more active. Previous studies with compounds having stronger net dipoles have also failed to note an effect with Pol I (31). Thus, the data are not well explained by these effects and are most consistent with the sized-based hypothesis.
The results have important implications in the mechanisms of fidelity in replicative DNA polymerases. Our observations of increasing fidelity with increasing size suggest that active site steric tightness is an important factor contributing to this selectivity. Increases in size from the smallest substrates to the optimum yielded substantial increases in fidelity, underscoring the need to fill the available active site space before steric differences between matched and mismatched partners can be discriminated. Second, the observation that fidelity is lost when pairs are too large, even by a small amount, is also consistent with a ''tight active site'' model (20) ; if the pair cannot be accommodated in appropriate side-by-side fashion in the active site, then the enzyme cannot exert the influence of a steric wall to constrain the pair's structure. Thus, both correct pairs (involving overly large thymidine analogs) and mispairs are similarly rejected. We observed that size increases much smaller than would be the case for most lesions or mispairs led to substantial losses in fidelity, which suggests that steric effects may be sufficient to explain most or all of this replicative enzyme's observed fidelity with natural base pairs.
A final and initially somewhat surprising conclusion from these experiments is that natural Watson-Crick pairs appear to be smaller than optimum for this enzyme, both in terms of efficiency and fidelity. Taking into account the hydrogen bonding contraction (32) , models suggest that a T-A pair is 0.5-0.7 Å smaller than the optimum measured here (the L-A pair without contraction). This finding suggests that Pol I has an active site that is 0.5-0.7 Å larger than is ideal and that such a replicative polymerase might be rendered more efficient and yield higher fidelity than it does if it could evolve an active site that was sterically more constricted by this amount. We presume that such a structure is possible in a folded protein and we therefore suggest that the lack of optimum tightness likely arises for evolutionary reasons. We hypothesize that selection pressures in E. coli have yielded a lower fidelity than the maximum to confer adaptability that arises from a small but influential mutation rate.
Recent structural studies of low-fidelity DNA polymerases, which function to bypass mispairs or damaged pairs, have suggested greater steric openness at their active sites (13, 14) . Low-fidelity polymerases are known to have low efficiency as well (29), consistent with the current observations in the Pol I active site. The current results suggest that a general mechanism for varying fidelity may be simply related to regulation of the sterically allowable sizes of base pairings. This idea leads to a testable prediction, namely, that the base pair size optimum may be larger or broader than that with a higher fidelity enzyme, such as Pol I, and that increasing base pair size in low-fidelity enzymes may increase their efficiency and fidelity. This nucleotide series of expanding size might be generally useful in probing functional steric tightness in a systematic way for enzymes of various fidelities.
